Capsaicin (8-methyl-N-vanillyl-6-ninenamide) is the compound responsible for the pungent character of various hot peppers (Capsicum), and it is famous for its pungent taste, burning sensation, and various effects on body temperature and gastric acid secretion. 1, 2) These features of capsaicin are considered to be generated by capsaicin associating with the capsaicin receptor, or the transient receptor potential cation channel of vanilloid type 1 (TRPV1) on the nerve endings of afferent neurons. [3] [4] [5] Since it is reported that TRPV1 regulates cation influx in nerve cells and that Ca 2ϩ permeability in those cells largely depends on TRPV1 activity, 3, 6) capsaicin is thought to induce an extracellular Ca 2ϩ influx into nerve cells by associating with TRPV1, and thereby it stimulates afferent neurons to generate the characteristic sensations.
It is reported that the capsaicin-induced Ca 2ϩ influx via TRPV1 prompts the afferent neurons innervating the gastrointestinal tract to release neuropeptides such as calcitonin gene-related peptide (CGRP) and vasoactive intestinal polypeptide (VIP). 7) Since these neuropeptides are involved in the regulation and/or maintenance of various gastrointestinal functions by stimulating mesenteric blood flow, preventing mucosal injury, and controlling electrolyte secretion, [8] [9] [10] [11] capsaicin in savory cuisine is likely to vary the gastrointestinal conditions, and as a result, it may alter the intestinal absorption processes of orally administered medicines. In fact, capsaicin is suggested to affect mucosal integrity, 7, 12, 13) peristaltic activity, 14) and the absorption/secretion of various electrolytes in the gastrointestinal tract. 15) In addition, it was demonstrated that capsaicin decreased intestinal alanine absorption by stimulating afferent neurons to release CGRP and VIP. [16] [17] [18] Recently, it was suggested that TRPV1 is expressed not only in nerve cells, but also in gastric mucosal tissues and intestinal epithelia. [19] [20] [21] [22] As capsaicin associates with TRPV1, thus increasing Ca 2ϩ influx, it may alter the intracellular Ca 2ϩ concentration in these cells. If this is the case, capsaicin probably affects the intestinal drug absorption processes in a direct manner. This is because changes in the intracellular Ca 2ϩ concentration alter the paracellular permeability of intestinal epithelia by modifying the integrity of the epithelial tight junction. 23) In addition to the paracellular pathway of the intestinal drug absorption processes, capsaicin may affect the transcellular pathway of the process, since the intracellular Ca 2ϩ concentration is related to the drug transporting activity of various transporters including H ϩ /peptide co-transporter 1 (PEPT1). 24) It is therefore suggested with these findings and considerations that capsaicin has an impact on the intestinal drug absorption processes. However, little is known about the effect of capsaicin on intestinal drug absorption.
To clarify whether capsaicin affects intestinal drug absorption, we examined the intestinal drug absorption profiles of rats in the presence and absence of capsaicin in this study, in which we used cephalexin as a model drug since its absorption processes have been thoroughly studied. 25, 26) We also examined whether TRPV1 plays an important role in capsaicin's effect, and further elucidated an underlying mechanism of the capsaicin-induced alteration of intestinal cephalexin absorption. The effects of capsaicin on intestinal cephalexin absorption were investigated by means of in situ single pass perfusion in rats to clarify whether this pungent compound present in spice is a potential factor altering the intestinal drug absorption processes. Under the control condition, cephalexin was absorbed at a rate of 1.16؎0.08 and 0.90؎0.06 nmol/min/cm in the jejunum and ileum, respectively. The intestinal cephalexin absorption rate was decreased when capsaicin was dissolved in the perfusate at a concentration of 400 m mM, being 0.54؎0.07 and 0.46؎0.10 nmol/min/cm in the jejunum and ileum, respectively. The inhibitive effect of capsaicin on intestinal cephalexin absorption was diminished when ruthenium red, a non-selective inhibitor of the transient receptor potential (TRP) cation channels, was intravenously infused into the rat during the experiment. Moreover, when we evaluated the paracellular permeability of cephalexin by utilizing a competitive inhibitor, glycylsarcosine, it was demonstrated that glycylsarcosine-insensitive intestinal cephalexin absorption in the jejunum was increased by 4.5 times in the presence of 400 m mM capsaicin. These findings indicate that capsaicin affects both transcellular and paracellular pathways of intestinal cephalexin absorption by interacting with the TRP cation channels in intestinal tissues, in which capsaicin seems to change the transport activity of H ؉ /peptide co-transporter 1 (PEPT1), and to a lesser degree, it seems to alter the paracellular permeability of the intestinal epithelia.
MATERIALS AND METHODS

Materials
Animals Male Wistar rats (190-240 g) were purchased from Japan SLC Inc. (Hamamatsu, Japan). All animal experiments were performed in accordance with the guidelines for animal experimentation of Okayama University.
In Situ Single Pass Perfusion Experiments Prior to the experiments, rats were fasted overnight with free access to water. On the experiment day, rats were anesthetized by ethyl carbamate (1 g/kg, i.p.) and fixed on their back. A midline incision was then carefully made on the abdomen and the whole small intestine including the cecum was exposed. After that, the surface of the exposed intestine was softly rinsed with Ringer's solution, and the duodenum and bile duct were ligated. Then, a 10-cm segment of the upper part of the jejunum was chosen to be cannulated. That is, both ends of the jejunum segment were carefully ligated without damaging blood vessels surrounding the segment, and then a silicone tube (3 mm I.D.-5 mm O.D.) was inserted into the jejunum segment at its upper and lower ends, respectively. After food debris in the lumen was gently washed out by Ringer's solution, the silicone tube at the upper end of the segment was connected to a syringe infusion pump (Model 22, Harvard apparatus, Holliston, MA, U.S.A.). The other silicone tube at the lower part of the segment was connected to a fraction collector. Following these preparations for the jejunum segment, the ileum segment was also cannulated in the same manner as described above. In brief, a 10-cm segment of the lower part of the ileum, which is adjacent to the cecum, was chosen to be cannulated. Both ends of the ileum segment were ligated and then cannulated with silicone tubes. The lumen was washed and the tubes were connected to another syringe pump (Model 22) and fraction collector, respectively. With these preparations, we could simultaneously perfuse both the jejunum and ileum segments in an independent manner. Additionally, if it was necessary, the left femoral vein was cannulated with a polyethylene tube (0.28 mm I.D.-0.61 mm O.D., PE10, Japan Becton Dickinson, Tokyo, Japan) and it was connected to an infusion pump (CMA102, CMA Microdialysis AB, Solna, Sweden) to perform the ruthenium red infusion, as described later. During the experiment, the rat was kept warm with heating apparatuses.
Evaluation of Intestinal Cephalexin Absorption Following the preparation, the jejunum and ileum segments started to be perfused independently at a flow rate of 0.2 ml/min. The perfusate was prepared with Ringer's solution containing cephalexin at a concentration of 500 mM, and also containing FITC-dextran at the concentration of 1 mM as a marker of water flux. The pH value of the perfusate was adjusted to 6.5 by sodium dihydrogen phosphate solution. 27) Capsaicin was dissolved in the perfusate at a concentration of 10 or 400 mM using diethyl sulfoxide (DMSO) as a solubilizing agent at a final concentration of 1%. DMSO was solely mixed in the perfusate at the same concentration when the control experiments were performed. In several experiments, we used glycylsarcosine as a typical substrate of PEPT1. 28, 29) It was dissolved in the perfusate at a concentration of 20 mM. This concentration of glycylsarcosine is 50-fold higher than its Ki value for PEPT1, being sufficient to suppress the transport activity of the transporter. [30] [31] [32] In addition, ruthenium red was utilized as a non-selective inhibitor of TRP cation channels in this study. 33) Ruthenium red was dissolved in saline at a concentration of 1.5 mg/ml, and it was infused into the femoral vein of the rat at a rate of 1 mg/kg/h during the equilibrium and experimental periods, if necessary.
33)
After a 30-min equilibrium period, the fraction collectors were started. The effluents from the jejunum and ileum segments were both collected every 15 min for 90 min, and the amounts of cephalexin and FITC-dextran in the collected samples were determined as described later. Intestinal cephalexin absorption clearance (CL ab ) was evaluated as follows 27) :
(1) (2) where C out,CEX and C out,FITC are the cephalexin and FITC-dextran concentrations in the sample, respectively. C in,CEX and C in,FITC are the cephalexin and FITC-dextran concentrations in the perfusate, and Q denotes the perfusion flow rate (0.2 ml/min).
Assay Methods The cephalexin concentration was determined with an HPLC equipped with an octadodecyl silica column (5 mm, 4.6ϫ150 mm, Superiorex ® ODS, Shiseido, Tokyo). The samples were filtered with a 0.45-mm syringe filter (DISMIC ® -13HP, Advantec, Tokyo, Japan), and 20-ml of the filtrate was then applied to HPLC. As a mobile phase, 35% methanol-65% ammonium acetate (10 mM, pH 6.0) was used. The flow rate was set at 1.0 ml/min. Cephalexin was determined spectrometrically at a wave length of 270 nm. The detection limit of cephalexin in the sample was 1 mM. The FITC-dextran concentration was determined with a fluorophotometer (F-2000, Hitachi, Tokyo, Japan) at wave lengths of 485 nm for excitation and 515 nm for emission.
Statistics Data are shown as the meanϮS.E. for 4-5 experiments. Significant differences between two groups were evaluated by Student's t-test. Multiple comparisons were performed by Tukey's t-test, if necessary. pϽ0.05 was considered to indicate significance.
RESULTS
Effects of Capsaicin on Intestinal Cephalexin Absorption in Rats
The effects of capsaicin on intestinal cephalexin absorption were examined. In our in situ perfusion experiment, the cephalexin clearance slightly varied through the experimental period regardless of the presence of capsaicin (Fig. 1) . Under the control condition, the average CL ab values were 23.1Ϯ1.6 and 18.1Ϯ1.1 ml/min in the jejunum and ileum, respectively, indicating that more cephalexin is absorbed in the jejunum than in the ileum in rats (Figs. 1A, B) . As shown in Fig. 1A , the average CL ab value in the jejunum was significantly decreased to 10.8Ϯ1.1 ml/min in the presence of 400 mM capsaicin (pϽ0.05). The average CL ab value was 20.8Ϯ3.6 ml/min in the presence of 10 mM capsaicin, which was not different from the control value (Fig. 1A) . The effects of capsaicin on intestinal cephalexin absorption were also observed in the ileum, in which the average CL ab value was significantly decreased to 9.2Ϯ1.9 ml/min in the presence of 400 mM cap- (Fig. 1B) . Cephalexin absorption in the ileum was not altered in the presence of 10 mM capsaicin (Fig. 1B) .
Effects of Ruthenium Red on the Decreased Cephalexin Absorption Caused by Capsaicin
To examine whether the inhibitive effect of capsaicin on intestinal cephalexin absorption was exerted by capsaicin's association with TRPV1, rats were treated with ruthenium red at first, and then intestinal cephalexin absorption was examined in the presence and absence of capsaicin. Ruthenium red itself was shown not to affect intestinal cephalexin absorption under the control condition (Figs. 2A, B) . As shown in Fig. 2A , cephalexin absorption in the jejunum was decreased in normal rats in the presence of 400 mM capsaicin. However, this inhibitive effect of capsaicin was not observed in rats treated with ruthenium red, where the cephalexin absorption rate was restored from 0.54Ϯ0.07 to 1.02Ϯ0.05 nmol/min/cm, being comparable to the value under the control condition (Fig. 2A) . As shown in Fig. 2B , ruthenium red also seemed to restore the decreased cephalexin absorption caused by 400 mM capsaicin in the rat ileum.
Effects of Capsaicin on Glycylsarcosine-Insensitive Intestinal Cephalexin Absorption
To clarify to what extent the paracellular permeability of cephalexin is changed when its intestinal absorption process is affected by capsaicin, we examined the effect of capsaicin on glycylsarcosine-insensitive intestinal cephalexin absorption (Fig. 3) . It was indicated that glycylsarcosine-insensitive cephalexin absorption contributes to 7.8Ϯ1.4% of the total cephalexin absorption in the rat jejunum (Fig. 3A) . As shown in Fig. 3A , when glycylsarcosine-insensitive cephalexin absorption was evaluated in the presence of capsaicin, the insensitive absorption was increased 6.2 and 4.5 times by 10 and 400 mM capsaicin, respectively. The capsaicin-induced increase of the glycylsarcosine-insensitive cephalexin absorption was also observed in the rat ileum, though the differences did not reach significance (Fig. 3B) .
DISCUSSION
Capsaicin has been used as a pungent food ingredient since ancient times, but it has only recently been revealed that capsaicin associates with TRPV1, and thereby stimulates afferent neurons innervating the gastrointestinal tract.
In this study, we examined whether capsaicin changes intestinal cephalexin absorption in rats, and demonstrated that the intestinal absorption of cephalexin on average was reduced from 23.1Ϯ1.6 to 10.8Ϯ1.1 ml/min in the presence of 400 mM capsaicin in the rat jejunum (Fig. 1A) . It was thus obvious that capsaicin affects intestinal cephalexin absorption. In addition, the reduced cephalexin absorption caused by capsaicin was restored when rats were treated with ruthenium red, a non-selective inhibitor of TRP cation channels (Fig. 2) . 33) Since intestinal cephalexin absorption is mainly mediated by PEPT1, 25, 26) these findings suggest that PEPT1 activity is altered by capsaicin associating with TRPV1 of afferent neurons innervating the gastrointestinal tract. It has been reported that PEPT1 activity is regulated by several intracellular factors, such as the activity of protein kinaseC, 34) cAMP level, 35) or Ca 2ϩ concentration. 24) In addition to these factors, an Na ϩ /H ϩ exchanger is also shown to be a factor determining PEPT1 activity. 36) That is, the exchanger is demonstrated to regulate the proton gradient across the cellular membrane, which PEPT1 requires as a driving force for its H ϩ /peptide co-transporting function. 36) Moreover, the activity of the Na ϩ /H ϩ exchanger in intestinal epithelia is suggested to be controlled by the afferent neurons innervating the gastrointestinal tract, because it was demonstrated that the Na ϩ /H ϩ exchanger-mediating recovery of intracellular pH after the experimental acidification was retarded by VIP, a polypeptide hormone released from the nerve endings of afferent neurons.
37) It was also reported that cellular uptake of the PEPT1 substrate glycylsarcosine was decreased in the presence of VIP. 37) With these findings, we speculated about mechanisms responsible for the altered cephalexin absorption clearance as follows: Capsaicin stimulates the afferent neurons by associating with TRPV1 and the neurons release hormones affecting the gastrointestinal tract such as VIP. VIP modulates the Na ϩ /H ϩ exchanger on the epithelial cells and the proton gradient across the cellular membrane is altered. Since the H ϩ /peptide co-transporting activity of PEPT1 is thereby affected, intestinal cephalexin absorption is decreased.
As for intestinal cephalexin absorption, it has been considered that the paracellular pathway also contributes to the absorption process in addition to the transcellular pathway mediated by PEPT1. 25, 26) Therefore, we examined to what extent the cephalexin absorption process via the paracellular pathway is changed in the presence of capsaicin. As glycylsarcosine is a representative substrate of PEPT1 which competes with cephalexin absorption mediated by PEPT1, the contribution of the paracellular pathway can be evaluated by measuring cephalexin absorption in the presence of an excess amount of glycylsarcosine. 28, 29, 32) As shown in Fig. 3A , since the cephalexin absorption rate was 7.8Ϯ1.4% of the control value in the presence of 20 mM glycylsarcosine, the contribution of the paracellular pathway was considered to be less than 10% of the total cephalexin absorption in the rat jejunum. When we evaluated glycylsarcosine-insensitive cephalexin absorption in the rat jejunum, it was increased 6.2 and 4.5 times in the presence of 10 and 400 mM capsaicin, respectively (Fig. 3A) . It was thus revealed that the paracellular permeability of cephalexin was increased by capsaicin. The precise mechanism underlying the increased paracellular permeability of cephalexin is currently unclear. However, since the paracellular permeability is altered according to the intracellular Ca 2ϩ concentration, 23) it is probable that capsaicin has some effects to change the intracellular Ca 2ϩ concentration. The change in the Ca 2ϩ concentration may be caused by VIP released from afferent neurons by capsaicin's association with TRPV1. In addition, TRPV1 is known to regulate extracellular Ca 2ϩ influx, and it has been suggested to be expressed in gastrointestinal tissues. 6, 19, 20, 22) Therefore, the change in the Ca 2ϩ concentration may be also brought about by capsaicin directly affecting intestinal epithelial cells. Further investigations are necessary to clarify the mechanisms responsible for the increased paracellular permeability of cephalexin caused by capsaicin.
In conclusion, we indicated that capsaicin alters both transcellular and paracellular pathways of intestinal cephalexin absorption. We demonstrated that capsaicin primarily decreases cephalexin absorption mediated via PEPT1 by associating with TRPV1, and that capsaicin also increases the paracellular permeability of cephalexin in the rat jejunum. These findings provide helpful information to avoid undesirable drug/food interactions.
